The ‘Powerful Pocketful’: an Electronic
Calculator Challenges the Slide Rule

This nine-ounce, battery-powered scientific calcu-
lator, small enough to fit in a shirt pocket, has
logarithmic, trigonometric, and exponential functions
and computes answers to 10 significant digits.

By Thomas M. Whitney, France Rodé, and Chung C. Tung

HEN AN ENGINEER OR SCIENTIST

NEEDS A QUICK ANSWER to a problem
that requires multiplication, division, or transcen-
dental functions, he usually reaches for his ever-
present slide rule. Before long,
however, that faithful ‘slip stick'
may find itself retired. There's
now an electronic pocket cal-
culator that produces those an-
swers more easily, more quickly,
and much more accurately.

Despite its small size, the new
HP-35 is a powerful scientific
calculator. The initial goals set
for its design were to build a
shirt-pocket-sized scientific cal-
culator with four-hour operation
from rechargeable batteries at a
cost any laboratory and many
individuals could easily justify.
The resulting nine-ounce prod-
uct surprises even many who are
acquainted with what today’s
large-scale integrated circuits
can achieve.

The HP-35 has basically the
same functions and accuracy of
other HP calculators, and it is
portable. It is a close cousin to
the many four-function elec-
tronic calculators which have
appeared in recent years, ini-
tially from Japan and now from
many U.S. manufacturers. However, three features
set the HP-35 apart from four-function calculators.
First, none of the four-function calculators has

transcendental functions (that is, trigonometric, log-
arithmic, exponential) or even square root. Second,
the HP-35 has a full two-hundred-decade range, al-
lowing numbers from 107*° to 9.999999999 X 10*"
to be represented in scientific
notation. Third, the HP-35 has
five registers for storing con-
stants and results instead of just
one or two, and four of these
registers are arranged to form
an operational stack, a feature
found in some computers but
rarely in calculators (see box,
page 5). On page 7 are a few
examples of the complex prob-
lems that can be solved with the
HP-35.

Data Entry

The photograph of the calcu-
lator on this page shows how
the keys are arranged. Numbers
enter the display, which is also
called the X register, from left
to right exactly as the keys are
pressed. Entry is entirely free-
field, that is, digits will be dis-
played exactly as they are en-
tered, including leading or trail-
ing zeros.

The enter-exponent key, EEX,
is used for entering numbers in
scientific notation, For example,
the number 612,000 may be entered as 6.12 EEX 5 or

612 EEX 3 or .0612 EEX 7 as well as 6120§f- "5~

change-sign key, CHS, changes the sign of the man-



tissa or, if pressed immediately following EEX, the
sign of the exponent. Mistakes during data entry
can be corrected by use of the clear x key, CLx. A
special key is provided for entering .

Display

The display consists of 15 seven-segment-plus-
decimal-point light-emitting-diode (LED) numerals.
Answers between 10" and 10°* will always be dis-
played as floating-point numbers with the decimal
point properly located and the exponent field blank.
Outside this range the HP-35 displays the answer in
scientific notation with the decimal point to the
right of the first significant digit and the proper
power of 10 showing at the far right of the display.
To make the display more readable, a separate digit
position is provided for the decimal point.

The display is always left justified with trailing
zeros suppressed. For instance, the answer to 3 = 4
appears as .75 instead of 0.750000000.

Cover: Our thanks to Dr.
Dennis R. Clark of the Stan-
ford University Department
of Pharmacology for allow-
ing us to photograph him at
work with his HP-35 Pocket
Calculator.
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Answers greater than 10'° (overflow) are dis-
played as 9.999999999 X 10°°, and answers smaller
than 10°° are returned as zeros. These are the
HP-35's ‘closest’ answers. Improper operations,
such as division by zero or the square root of a
negative number, cause a blinking zero to appear.

Single-Operand Function Keys

The function keys operate on the number dis-
played in the X register, replacing it with the func-
tion of that argument. The trigonometric functions,
sin, cos, tan, arc sin, arc cos, and arc tan operate in
degrees only. For inverse trigonometric functions
the function key is preceded by the arc key. The
angle obtained will be the principal value.

The functions log x and In x compute the log-
arithm of x to base 10 and base e respectively. The
exponential function e* is also provided. Other sin-
gle-operand functions are the square root of x, VX,
and the reciprocal of x, 1/x.

Arithmetic Keys: Two-Operand Functions

The arithmetic functions, +, —, X, and =+, and
the power function x*, operate on the X and Y regis-
ters, with the answer appearing in X. Numbers are
copied from X into Y by use of the ENTER? key.
Thus to raise 2 to the 7th power the key sequence
is 7, ENTER?, 2, x* and the answer 128 is displayed
immediately after x* is pressed. This is a general
principle: when a key is pressed, the correspond-
ing operation is performed immediately.

Although raising x to a power can be accom-
plished via the formula x* = " '" * and in fact is
done this way internally, the single-keystroke op-
eration is much more convenient. The power, y, can
be any positive or negative integer or fraction, while
x must be positive.

Registers and Control Keys

Five registers are available to the user. Four of
these, called X, Y, Z, and T, form an operational
stack. The fifth, S, is for constant storage. (For
clarity, capital letters refer to the registers and
lower-case letters refer to the contents of the
registers.)

Five keys are used to transfer data between regis-
ters. The ENTER?T key pushes the stack up, that is,
x is copied into Y, y into Z, z into T, and t is lost.
This key is used as a separator between consecu-
tive data entries, such as in the power example
just described. Roll down, RV, is used to view the
contents of X, Y, Z, and T. Four consecutive opera-
tions of this key return the registers to the original
state with no loss of data.
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Fig. 1. HP-35 Pocket Calculator has a four-register opera-
tional stack (last-in-first-out memory). Here's how the
stack works to solve (3 X 4) + (5 X 6). Answers appear in
display register X, in floating-point or scientific notation,
to 10 significant digits.

The contents of X and Y can be exchanged using
{'y; this is useful if the operands have been entered
in the improper order for x*, —, or <. The constant
storage location, S, is accessed via the two keys
store, STO, and recall, RCL.

The operational stack is automatically pushed up
for data entries following any operation other than
ENTER?T, STO, and CLx. This saves many uses of the
ENTER? key. The stack automatically drops down
following any two-operand function (+, —, X, =+,
x"). For example, to do the problem (3><4) + (5X6)
the key sequence is: 3, ENTER®, 4, X, 5, ENTERT,
6, X, + (see Fig. 1). ENTER? is unnecessary be-
tween X and 5 because the answer to the first term,
12, is automatically transferred to Y when the 5 is
entered. Also, no RV is necessary after the second X
since the first term, 12, is automatically transferred
from Z to Y after the multiplication.

The clear-all key, CLR, clears all registers includ-
ing storage. Initial turn-on of the calculator has the
same effect.

On the back of the calculator is an instruction
panel that provides the user with quick answers to
the most commonly asked ‘how-to-do-it' questions
(Fig. 2). The panel also shows an example of a prob-
lem solution.

System Organization

Now let’s go inside and see what makes it work.
The HP-35 contains five MOS/LSI (metal-oxide-
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Fig. 2. Instruction panel on back of calculator answers
most frequently asked questions.

semiconductor/large-scale-integration) circuits:
three read-only-memories (ROMs), an arithmetic
and register circuit (A&R), and a control and timing
circuit (C&T). The logic design was done by HP and
the circuits were developed and manufactured
by two outside vendors. Three custom bipolar cir-
cuits are manufactured by HP’s Santa Clara Divi-
sion: a two-phase clock driver, an LED anode
driver/clock generator, and an LED cathode driver.
Fig. 3 is a block diagram of the calculator.

The HP-35 is assembled on two printed circuit
boards (see Fig. 4). The upper board contains the
display and drivers and the keyboard. The lower
and smaller board has all the MOS logic, the clock
driver, and the power supply.

The calculator is organized on a digit-serial, bit-
serial basis. This organization minimizes the num-
ber of connections on each chip and between chips,
thereby saving area and cost and improving reliabil-
ity. Each word consists of 14 binary-coded-decimal
digits, so each word is 56 bits long. Ten of the 14
digits are allocated to the mantissa, one to the
mantissa sign, two to the exponent, and one to the
exponent sign.

Three main bus lines connect the MOS circuits.
One carries a word synchronization signal (SYNC)
generated by a 56-state counter on the control and
timing chip. On another bus, instructions (Is) are
transmitted serially from the ROMs to the control
and timing chip or to the arithmetic and register



Operational Stacks and
Reverse Polish Notation

In 1951, Jan Lukasiewicz' book on formal logic first demon-
strated that arbitrary expressions could be specified unam-
biguously without parentheses by placing operators im-
mediately before or after their operands. For example, the
expression

fa+b) X (c—d)

is specified in operator prefix notation as
X + ab — cd

which may be read as multiply the sum a plug:b by the dif-
ference ¢ minus d. Similarly, the expression can be speci-
fied in operator postfix notation as

ab+ cd — X

with the same meaning. In honor of Lukasiewicz, prefix and
postfix notation became widely known as Polish and reverse
Polish, respectively.

During the following decade the merits of reverse Polish
notation were studied and two simplifications in the execu-
tion of computer arithmetic were discovered. First, as re-
verse Polish notation is scanned from left to right, every
operator that is encountered may be executed immediately.
This is in contrast to notation with parentheses where the
execution of operators must be delayed. In the above ex-
ample, (a + b) X (c — d), the multiply must wait until
(c — d) is evaluated. This requires additional memory and
bookkeeping. Second, if a stack (that is, a last-in-first-out
memory) is used to store operands as a reverse Polish ex-
pression is evaluated, the operands that an operator re-
quires are always at the bottom of the stack (last operands
entered). For (a + b) X (c — d), the reverse Polish,
ab + cd — X, is evaluated as follows.
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These properties have made the notation a valuable tool
in the computer industry. All modern computer compilers for
languages such as FORTRAN and ALGOL convert state-
ments to reverse Polish in some form before producing a
program that can be executed. Some computer manufac-
turers have even designed their machines with special in-
structions to perform stack operations to facilitate execution
of reverse Polish. However, the HP-35 is the first scientific
calculator to fully exploit the advantages of reverse Polish
and automatic stack operations to provide user convenience
seldom found in calculators.

chip. The third bus signal, called word select (WS),
is a gating signal generated on the C&T chip or by
the ROMs; it enables the arithmetic unit for a por-
tion of a word time, thereby allowing operations
on only part of a number, such as the mantissa or
the exponent.

Control and Timing Circuit

The control and timing (C&T) circuit performs
the major nonarithmetic, or housekeeping functions
in the calculator. These include interrogating the
keyboard, keeping track of the status of the system,
synchronizing the system, and modifying instruc-
tion addresses.

The keyboard is arranged as a five-column, eight-
row matrix. It is scanned continuously by the C&T
chip. When contact is made between a row and a
column by pressing a key, a code corresponding to
that row and column is transmitted over the I, line
to the read-only memory (ROM). This code is the
starting address of a program in ROM to service that
key. Key bounce and lockout are handled by pro-
grammed delays.

In all digital systems, status bits or flags are used
to keep track of past events. In the HP-35 there are
twelve status bits, all located on the C&T chip. They
can be set, reset, or interrogated by microinstruc-
tions.

ROM addresses are updated on the C&T chip and
sent serially to the ROMs over the I. bus. During
execution of a branch instruction, the appropriate
signal—arithmetic carry or status bit—is tested to
determine whether the incremented address or the
branch address should be selected next.

A powerful feature of the serial organization is
the ability to operate on just a single digit of a num-
ber as it flows through the arithmetic unit. On the
C&T chip are a pointer register and a word-select
circuit which issue a word-select signal (WS) cor-
responding to the time slot being operated upon.
The value of the pointer register can be set, incre-
mented, and decremented by microinstructions.

Read-Only Memory

Preprogrammed mathematical routines are stored
in three ROM chips, each of which contains 256
instructions of 10 bits each. A specific select code
is assigned to each ROM chip. Only one of the three
ROM chips is used at any time. When a ROM selec-
tion instruction is issued, a decoder inside each
ROM checks the select-code field of the instruction.
In case of a match, the selected ROM turns on. Un-
selected ROMs turn off.

A timing circuit on each ROM is synchronized to
the SYNC signal issued by the C&T chip as the cal-
culator is turned on. This circuit then keeps the
ROM chip running synchronously with the rest of
the system.

A ROM address register on each ROM chip re-
ceives the address sent out by the C&T chip. The
corresponding instruction is placed on the instruc-
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Fig. 3. Five MOS/LSI circuits, developed by HP, are manufactured by outside vendors.
Three custom HP-developed bipolar IC's are manufactured by HP. SYNC, Is, and WS are
three main bus lines connecting the MOS circuits.

tion line, Is, provided the ROM chip is turned on.
The ROM chip also issues word-select signals
for certain classes of instructions.

Arithmetic and Register Circuit

The arithmetic and register circuit executes in-
structions coming in bit-serially on the Is line. Most
arithmetic instructions must be enabled by WS, the
word-select signal. Data to be displayed is sent to
the LED anode drivers on five lines, and one carry
line transfers carry information back to the C&T
chip. The BCD output is bidirectional and can carry
digits into and out of the A&R chip.

The A&R circuit is divided into five areas: in-
struction storage and decoding circuits, a timing
circuit, seven 56-bit registers, an adder-subtractor,
and a display decoder.

Three of the registers are working registers. One
of these and three of the remaining four registers
form the four-register stack. The seventh register
is an independent register for constant storage.

: ; Fig. 4. Two printed-circuit boards contain all circuits. Metal
There are numerous interconnections between reg- humps on the larger board are pressed down by the keys

isters to allow for such instructions as exchange, to make contact with printed traces underneath.



These comparisons were made by engineers who are not
only highly proficient in slide rule calculation, but were also
familiar with the operation of the HP-35. Thus, the solution
times should not be taken as typical. They do, however,
serve to indicate the relative time advantage of the HP-35
and to point up the still more significant advantage of its
accuracy.
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HP-35 SOLUTION:
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SLIDE RULE SOLUTION: 7%

TIME ON HP-35: 20 seconds with answer to ten significant

digits.

TIME ON SLIDE RULE: 3 minutes, 15 seconds with answer

to three decimal places.

PROBLEM 2: GREAT CIRCLE DISTANCE BETWEEN SAN
FRANCISCO AND MIAMI.
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How the HP-35 Compares with the Slide Rule

HP-35 SOLUTION:

52.4 (1) 64,3 (3] 52.4 5m) 64,350 (%) 42,3 (o) () (F] [o<] (o9
60 [x' = 2254093016

SLIDE RULE S

TIME ON HP-35: 65 seconds with answer to ten significant
digits.

TIME ON SLIDE RULE: 5 minutes with answer to four sig-
nificant digits.

PROBLEM 3: pH OF A BUFFER SOLUTION.
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HP-35 SOLUTION:

7.210J10050 .03 1(2J2.16 51103 .0087 X [+ (59,03
1. 7001002 =1.0087 (0 7.2105010 52 (= (3 e+ ) (oa) =
—7.47877778

SLIDE RULE SOLUTION: 242

TIME ON HP-35: 65 seconds with answer to ten significant
digits.

TIME ON SLIDE RULE: 5 minutes with answer to three sig-
nificant digits.

transfer, rotate stack, and so on. An advantage of
the bit-serial structure is that interconnections re-
quire only one gate per line.

Transfers into or out of the stack or the constant
register are always whole-word transfers. All other
arithmetic instructions are controlled by the word
select signal, WS. Thus it's possible to interchange
only the exponent fields of two registers, or to add
any two corresponding digits of two registers.

The adder-subtractor computes the sum or dif-
ference of two decimal numbers. It has two data
inputs, storage for carry or borrow, and sum and
carry/borrow outputs. For the first three clock
times, the addition is strictly binary. At the fourth
clock time the binary sum is checked, and if the
answer is more than 1001 (nine), then the sum is
corrected to decimal by adding 0110 (six). The re-
sult is then entered into the last four bits of the re-
ceiving register and the carry is stored. A similar
correction is done for subtraction. Carry informa-
tion is always transmitted, but is recorded by the
control and timing chip only at the last bit time of
the word-select signal.

Simulation and Test of the MOS Circuits

In designing elaborate integrated circuits like the
C&T, A&R, and ROM chips, two questions that have
to be answered at the very beginning are: How is
the design to be checked? and How is the final in-
tegrated circuit to be tested?

The first question has two answers. One is to
build a breadboard and compare its operation with
the desired operation. A second answer is a com-
puter simulation of the circuit. When the MOS cir-
cuits (C&T, A&R, and ROMs) for the HP-35 were
being designed, the computer simulation approach
was chosen over a TTL or MOS breadboard. It was
felt that the hardware breadboard wouldn’t be an
exact model of the final circuits anyway, and two
or three months of development time could be saved
by computer simulation because people could work
in parallel rather than serially on a breadboard.

A general-purpose simulation program, HP-
DABEL, had just been developed by Jim Duley of
HP Laboratories. This was used to check out each
gate, each circuit, each chip, and finally all the chips
together. Each MOS circuit is designed as a network



of gates and delay elements. For each gate output
an algebraic equation was written as function of
the inputs to the gate. This produced a large set
of algebraic equations to be evaluated every clock
time. A printout was available so the operation of
any of the gates or delay outputs could be observed,
as if with an oscilloscope probe. In this respect the
computer simulation was much better than a hard-
ware breadboard.

Because of the large number of equations to be
evaluated each clock time the general-purpose
simulation program was too slow to use for evaluat-
ing the algorithms implemented in the ROMs. For
this a higher-level simulation was used, so only the
input/output functions of each subsystem had to be
specified. This was fast enough that all the algo-
rithms could be checked, even the transcendental
functions. If anything went wrong it was always
possible to stop the program and step through it
until the trouble was found. Correcting a problem
was a simple matter of changing a punched card
or two. These are advantages a hardware bread-
board doesn’t have.

The simulation approach proved very successful.
It saved a lot of time not only in logic design, but
also in generating the test patterns to be used for
testing the final integrated circuits. After a simu-
lation is running successfully a pattern for each in-
put is specified such that virtually every circuit
element will be exercised. By running the program
and recording all the inputs and outputs a complete
test pattern is generated. This is recorded on tape,
ready for final test of the IC.

Fig. 5. Light-emitting-diode cluster was specially devel-
oped for the HP-35. Magnifying lenses are built In.

Display and Drivers

It was apparent early in the HP-35 planning that
new display techniques would be required. Existing
light-emitting-diode products used too much power
and cost too much. HP Associates developed a mag-
nified five-digit cluster which saves both power and
cost and is packaged in a convenient 14-pin pack-
age (Fig. 5). Each digit has a spherical lens molded
in the plastic over it. A slight reduction in viewing
angle results, but for the handheld calculator this
is not a problem.

LED’s are more efficient if they are pulsed at a
low duty cycle rather than driven by a dc source.
In the HP-35, energy is stored in inductors and
dumped into the light-emitting diodes. This drive
technique allows a high degree of multiplexing; the
digits are scanned one at a time, one segment at a
time.

Customized bipolar anode and cathode driver
circuits incorporating the required features were
developed and are manufactured by HP. The anode
driver generates the two-phase system clock and
the segment (anode) drive signals, decodes the data
from the arithmetic and register chip and inserts
the decimal point, sends shift signals to the other
axis of the multiplex circuitry (the cathode driver),
and senses low battery voltage to turn on all deci-
mal points as a warning that about 15 minutes of
operating time remains. The cathode driver contains
a 15-position shift register which is incremented
for each digit position.

Keyboard

Requirements for the HP-35's keyboard were
particularly difficult. The keyboard had to be re-
liable, inexpensive, and low-profile, and have a
good ‘feel’. The solution is based on the ‘oilcan’ or
‘cricket’ principle, that is, curved metal restrained
at the edges can have two stable states. The larger
board in Fig. 4 shows the etched metal keyboard
strips running horizontally. At each key location the
metal is raised to form a hump over a printed-circuit
trace running underneath. Depressing a key snaps
the metal down to make contact with the trace. The
keys have a definite ‘fall-away’ or ‘over-center’ feel
so that there is no question when electrical contact
is complete.
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